® 



J 



Europaischa^Pltontamt 
European Patent Office 
Office europ6en des brevets 




@ PubHcation number : 0 588 557 A1 



EUROPEAN PATENT APPLICATION 



@ Application number : 93307106.0 
@ Date of filing : 09.09^93 



@ Int. Cl.^: HOIS 3/06 



@ Priority : 15.09.92 US 945308 

@ Date of publication of application : 
23.03.94 Builetin 94/12 

(S) Designated Contracting States : 
DE FR GB IT 

@ Applicant : AMERICAN TELEPHONE AND 
TELEGRAPH COMPANY 
32 Avenue of the Americas 
New Yorlc NY 10013-2412 (US) 



@ Inventor : Delavaux, Jean-Marc Pierre 
5324 Celia Drive 

Wescosville, Pennsylvania 18106 (US) 

@ Representative : Watts, Christopher Malcolm 
Kelway, Dr. et al 

AT & T (UK) Ltd. 5, Mornington Road 
Woodford Green Essex, IG8 OTU (GB) 



(S) Balanced optical amplifier. 



in 
m 

CO 
CO 

in 



@ A balanced doped fiber optical amplifier is 
disclosed which requires only a single 
wavelength division multiplexer (12) to provide 
pump and signal inputs to multiple amplifier 
stages (14,16). In particular, a first section of 
doped fiber (14) is coupled to an "input" port 
(18) of the multiplexer and a second section of 
doped fiber (16) is coupled to an "output" port 
(20) of the multiplexer. First and second pump 
signals (PI, P2) are coupled to the remaining 
ports (24, 28) to provide a counter-propagating 
pump signal to the first doped fiber section and 
a co>propagating pump signal to the second 
doped fiber section. The parameters of each 
doped fiber section (e.g., length, dopant con- 
centration, pump power, pump wavelength) 
may be individually tailored to provide the des- 
ired results (pre-amplification or power boost- 
ing, for example). A plurality of balanced optical 
amplifiers may be cascaded to provide multi- 
stage amplifiers, and the pump signal levels 
may be controlled to provide gain equalization. 
Preferably, the balanced amplifier is spliceless 
and comprises only two sections of doped fiber, 
the multiplexer being formed as a coupling 
region between the fibers. 
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Background of the Invention 

Technical Field 

The present invention relates to a doped fiber am- 
plifier arrangement and, more particularly, to a ampli- 
fier arrangement requiring only a single multiplexer to 
provide communication and pump signal inputs to 
multiple amplifier stages. 

Description of the Prior Art 

in many lightwave communication systems there 
is an increasing need to provide direct optical ampli- 
fication, in contrast to prior arrangements which util- 
ized opto-electronic converters and electronic regen- 
erators/repeaters to boost the signal power. There is 
a considerable effort underway to develop rare earth 
doped fiber amplifiers to fill these needs. In use, rare 
earth doped optical fiber amplifiers are usually cou- 
pled end-to-end with an optical communication fiber 
and are further coupled (using a directional coupler) 
to a laser diode pump signal source. The presence of 
the pump signal (at a particular wavelength, for ex- 
ample, 980nm or 1480nm) with the communication 
signal within the rare earth doped fiber results in opt- 
ical gain of the communication signal. Advantageous- 
ly, the gain is independent of the propagation direc- 
tion of the pump signal. Therefore, doped fiber ampli- 
fier arrangements may utilize pump signals propagat- 
ing in either direction and are often described as util- 
izing "co-propagating pumps" or "counter-propagat- 
ing pumps". 

In most applications, multiple pump sources are 
utilized so that the loss of a single pump does not re- 
sult In loss of amplification. See, for example, U.S. 
Patent 5,050,949 issued to D. J. DiGiovanni et al. on 
September 24, 1991 entitled "Multi-Stage Optical Fib- 
er Amplifier*, or U. S. Patent 5,058,974 issued to L.F. 
Mollenaueron October 22, 1991 entitJed "Distributed 
Amplification for Lightwave Transmission System". A 
problem with these and other prior art arrangements 
is the need to provide a separate wavelength division 
multiplexer with each pump source. Conventional co- 
and counter-propagating amplifier designs use three 
out of four ports of a multiplexer device (bullc or fiber 
multiplexers, or integrated optic versions). Af irst input 
port is used to couple the pump signal, a second input 
port to couple the communication signal, and a first 
output port as a common port to carry both input sig- 
nals to the amplifying medium (e.g., rare earth doped 
fiber). Generally, the second output port is blocked or 
used as a tap for the signal or pump. The use of a sep- 
arate multiplexer with each pump necessarily in- 
creases overall optical loss, fabrication complexity 
and costs. Further, crosstalk between pumps may 
lead to gain and noise instability and, ultimately, cat- 
astrophic failure of the pumps. Insertion of additional 



isolators to protect the pumps from optical feedback 
is a solution to the crosstalk problem, but again in- 
creases the size, cost and complexity of the total am- 
plifier. 

5 Therefore, a need remains in the art for an optical 

fiber amplifier arrangement which provides the ad- 
vantages of multiple pump sources, without unduly in- 
creasing the resulting cost or complexity of the fiber 
amplifier configuration. 

10 

Summary of the Invention 

The need remaining in the prior art is addressed 
by the present invention which relates to a doped fiber 
15 amplifier arrangement and, more particularly, to a 
doped fiber amplifier requiring only a single multiplex- 
er to provide both communication and pump signal in- 
puts to multiple amplifier stages as defined by the ap- 
pended claims. 

20 

Brief Description of the Drawing 

FIG. 1 illustrates a basic balanced optical ampli- 
fier formed in accordance with the present inven- 
25 tion which utilizes a pair of separate pump sourc- 

es; 

FIG. 2 illustrates an alternative embodiment of a 
basic balanced optical amplifier configuration 
which utilizes a k ratio coupler In association with 
30 the pair of pump sources; 

FIG. 3 is a graph illustrating the internal gain and 
noise figure (as a function of pump power and 
drive current) for the arrangement as illustrated 
in FIG. 2; 

35 FIG. 4 is a graph illustrating the saturation char- 

acteristics of a balanced optk:al amplifier of the 
present invention when utilized as a preamplifier; 
FiG. 5 is a graph illustrating the performance of 
a power booster configuration of the balanced 

40 optical amplifier of the present invention; 

FIG. 6 Illustrates a cascaded balanced optical 
amplifier of the present invention which includes 
both a preamplifier and a power booster; 
FIG. 7 illustrates a "spliceless" cascaded bal- 

45 anced optical amplifier formed in accordance 

with the teachings of the present invention; 
FIG. 8 illustrates a gain equalized balanced opti- 
cal amplifier configuration of the present inven- 
tion; 

50 FIG. 9 is a graph illustrating both gain and gain 

ripple for the gain equalized embodiment of FIG. 
8; and 

FIG. 10 illustrates an automatic level controlled 
embodiment of the balanced optical amplifier 
55 configuration of the present invention. 
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Detailed Description 

A simplified block diagram of a basic balanced 
optical amplifier 1 0 is illustrated in FIG. 1 . Amplifier 1 0 
comprises a single wavelength division multiplexer 12 5 
and Is balanced by the utilization of a pair of amplify- 
ing sections, in particular, a first doped fiber amplifier 
14 and a second doped fiber amplifier 16. First doped 
fiber amplifier 14 Is coupled to a first port 18 of mul- 
tiplexer 1 2 (referred to as an "input port") and second io 
doped fiber amplifier 16 is coupled to a second port 
20 of multiplexer 12 (referred to as an "output port"). 
The remaining multiplexer ports are coupled, as 
shown in FIG. 1 , to a pair of pump sources, where the 
pump sources are commonly semiconductor laser di- is 
odes which emit radiation at a predetermined pump 
wavelength (e.g., )<.pump approximately 980nm or 
1480nm for erbium-doped fiber amplifiers). In partic- 
ular, a first pump source 22 is illustrated as coupled 
to a third port 24 of multiplexer 12 and a second pump 20 
source 26 is illustrated as coupled to a fourth port 28 
of multiplexer 12, where both of thoses ports are thus 
utilized as input ports. 

Balanced optical amplifier 10 of FIG. 1 provides 
for the combination of pump signal and an applied 25 
communication signal in a balanced, symmetric fesh- 
ion. In operation, communication signal S|n (X, ap- 
proximately 1550 nm) first passes through an Input 
isolator 30 and Is coupled into first fiber amplifier 14. 
Input signal Sm subsequently passes through first fib- 30 
er amplifier 14 and is coupled by first port 18 into mul- 
tiplexer 12. Multiplexer 12 is configured so as to allow 
the wavelength of signal S|n to cross signal paths 
within multiplexer 12 and exits second port 20 of mul- 
tiplexer 12 (indicated by the dotted line in FIG. 1) to 35 
couple into second fiber amplifier 16. 

Amplification is provided in first fiber amplifier 14 
by the presence of a pump signal from first pump 
source 22 within first doped fiber amplifier 1 4. The di- 
rection of propagation of pump signal through mul- 40 
tiplexer 12 Is illustrated in FIG. 1. The propagation di- 
rection of the pump signal through the doped fiber 
does not affect the amplification of the communica- 
tion signal. Input isolator 30 blocks second pump sig- 
nal Pi from propagating further back along the signal 45 
path. Therefore, input signal Sm experiences an am- 
plification within first amplifier 14 by virtue of the 
presence of counter-propagating first pump signal P^ . 
The output from first fiber amplifier, denoted Samp.i. is 
then passed through multiplexer 12 as described so 
above and coupled into second doped fiber amplifier 
1 6. The pump signal for second doped fiber amplifier 
16 is provided, as shown in FIG. 1, by a pump signal 
P2 from second pump source 26. Pump signal P2 
propagates through multiplexer 12 as shown In FIG. 55 
1 and Is thus provided as a co-propagating pump sig- 
nal for second fiber amplifier 16. Signal Sampj is thus 
further amplified within second doped fiber amplifier 



16 and provides the final amplified output signal from 
balanced optical amplifier 10. denoted Sa„ip,2 in FIG. 
1. An output Isolator 32 is utilized to block reflected 
signals along the transmission path from re-entering 
optical amplifier 10. 

An advantage of balanced optical amplifier 10 is 
the ability to form the amplifier as a "spliceless" unit 
(between Input isolator 30 and output isolator 32). 
That is, amplifier 10 may be formed of two separate 
sections of rare earth-doped fiber (e.g., erbium-dop- 
ed or praseodymium-doped fiber). As shown in FIG. 
1, balanced optical amplifier 10 may comprise a first 
section of doped fiber 34 (forming first amplifier 14, 
multiplexer 12 between ports 18 and 22, and optical 
path to pump source 22) and a second section of dop- 
ed fiber 36 (forming the optical signal path from sec- 
ond pump source 26, multiplexer 12 between ports 28 
and 20, and second amplifier 16). The crossing of anv 
plif ier communication signal Sgmp.i within multiplexer 
12 is provided by coupling together fibers 34 and 36 
(for example, as a fused fiber coupler, polished/ex- 
posed core coupler, evanescent field coupler, etc., 
these and others being referred to hereinafter as a 
"coupler"). The utilization of only fiber sections 34 and 
36 to form amplifier 10 thus obviously reduces the 
size, cost and complexity of the amplifier design. Fur- 
ther, without the need to form splices between the 
separate components (amplifier, multiplexer, pump 
source), insertion loss and reflection within amplifier 
10 are significantiy reduced. 

Optical amplification within a doped amplifier oc- 
curs at predetermined signal wavelengths (for exam- 
ple, Xs = 1 550nm) in the presence of pump signals at 
certain wavelengths (for example, Xp = 980nm or 
1480nm). As illustrates in FIG. 1, pump sources 22 
and 26 may provide pump signals at the same wave- 
length (i.e., X^J! = Xp2 = 980nm). Such an arrangement 
would be the case for a true "sparing" amplifier 
(where the loss of a single pump source does not re- 
sult in the total loss of amplification) or, as will be dis- 
cussed below In association with FIG. 2, for the con- 
dition where a single pump source is used to provide 
both pump signals Pi and P2. In general, however, Xpi 
may be different from Xp2. In fact, since each pump 
wavelength offers different benefits, each may be 
used to form a balanced optical am pi if ier which exhib- 
its attributes of both pump sources. Referring to FIG. 
1 , for example, pump source 22 may provide a pump 
signal P^ at Xpi = 980nm into first doped fiber ampli- 
fier 14. Using a 980nm pump signal is known to pro- 
vide relative high gain with relative low noise - ideal 
conditions for a pre-amplifier application. Second 
pump source 26, alternatively, may provide a second 
pump signal P2 at kp2 = 1480nm into second doped 
fiber amplifier 16. Pumping at 1480nm is known to re- 
sult in a full population inversion within the doped fib- 
er, providing a relatively high conversion efficiency 
(for example. ImW of pump provkJes 0.8mW of in- 
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creased communication signal level) - ideal for power 
boosting applications. Thus, the combination of pump 
signal Pi at Xpi = 980nm and pump signal P2 at = 
1480nm provides an overall balanced optical amplifi- 
er 10 with a relatively low amplified spontaneous 5 
emission (ASE) (low noise in amplifier 14 coupled 
with high conversion efficiency in amplifier 16). An 
additional isolator may be Inserted in the signal path 
between first amplifier 14 and second amplifier 16 to 
prevent reflected pump signals, as well as any ampli- 10 
fied spontaneous emission, from re-entering amplifi- 
ers. Further, various parameters of doped fiber anv 
plif iers may be controlled so as to provide desired am- 
plifier characteristics. For example, these parameters 
may include dopant concentration within the fiber is 
(and, further, a gradient in dopant distribution within 
the fiber), the length f of the doped fiber section, 
pump wavelength Xp, and pump power. Various com- 
binations of these and other parameters may be con- 
trolled by the user to provide the desired results (e.g., 20 
maximum gain, power boosting, etc.). 

An alternative emlx)diment of the balanced opti- 
cal amplifier of the present invention is illustrated in 
FIG. 2. Balanced optical amplifier 40 utilizes a number 
of the same components as amplifier 1 0 of FIG. 1 . as 25 
indicated by the utilization of the same reference nu- 
merals. Amplifier 40 differs from amplifier 10 in the 
means utilized to provide the pump signals to first and 
second doped fiber amplifiers 14 and 16. In fact, for 
the arrangement of balanced amplifier 40, a single 30 
pump source may be utilized to provide both the 
counter- propagating pump signal Pi for first fiber am- 
plifier 14 and the co- propagating pump signal P2 for 
second fiber amplifier 16. Referring to FIG. 2, a pump 
source 42, providing a pump signal Pa, is illustrated as 3S 
being applied as an Input to a k ratio coupler 44. Cou- 
pler 44 may comprise, simply, a fused fiber coupler, 
a lithium-niobate coupler, or any other desired pas- 
sive or active coupler. Coupler 44 functions to split the 
power level of input signal along the pair of output sig- 40 
nal paths. For a conventional 3dB coupler, the split is 
50:50, providing a pair of equal power level signals 
along each path. Pump power Is one parameter which 
may be controlled to provide desired amplifier charac- 
teristics. Referring to FIG. 2, the pair of output pump 45 
signals for amplifier 40, denoted Pai and Pa2. are 
formed as separate outputs from coupler 44, where 
the respective power levels of each pump are a func- 
tion of the ratio of coupler 44 (i.e., the value of "k"). 
As shown, first pump signal Pai is coupled to third so 
port 24 of multiplexer 12 and is used as the counter- 
propagating pump signal for first fiber amplifier 14. 
Second pump signal Pa2 is coupled to fourth port 28 
of multiplexer 12 and is used as the co- propagating 
pump signal for second fiber amplifier 16. The oper- ss 
ation of amplifier 40 Is essentially identical to that of 
amplifier 10 discussed above in association with FIG. 
1. 



The use of a single source to provide amplifica- 
tion is often not a desirable condition, since failure of 
the pump source results in complete loss of amplifi- 
cation. Preferably, therefore, a second pump source 
(operating at essentially the same wavelength) is util- 
ized, either in a back-up (spare) mode, or in an ar- 
rangement where both sources are used simultane- 
ously. FIG. 2 further illustrates the inclusion of such 
a second pump source 46, which is applied as a sec- 
ond input to coupler 44. Second pump source 46 pro- 
vides a pump signal Pb, which is split by coupler 44 
into a pair of output signals in the same manner as 
signal Pa discussed above. Second pump source 46 
may remain idle during the operation of the amplifier 
with first pump source 42, being utilized only upon 
failure of first source 42. Alternatively, as mentioned 
above, second source 46 may be used simultaneous- 
ly with first source 42. As will be discussed below, the 
utilization of both pumps may result in improved per- 
formance of the balanced optical amplifier by dou- 
bling the pump power supplied to the amplifier ar- 
rangement Advantageously, balanced optical ampli- 
fier 40, as shown, may also comprise only a pair of 
doped fiber sections 34 and 36 (disposed between 
isolators 30 and 32) and coupled together (e.g., 
fused, polished, etc.) to form both multiplexer 12 and 
coupler 44. Again, such a "spllceless" configuratbn is 
considered to be more cost effective and robust, with 
lower insertion loss and reflection than discrete ver- 
sions. 

The balanced optical amplifier configuration as 
described above in FlGs. 1 and 2 provides advantag- 
es over prior art configurations with respect to re- 
laxed constraints on both loss and crosstalk. For ex- 
ample, a relatively high insertion loss for input signal 
S|n results in a reduction of gain, but does not degrade 
the noise figure since both the signal and the ampli- 
fied spontaneous emissions (ASE) are attenuated by 
similar amounts. Crosstalk is minimized to the extent 
that multiplexer 12 is able to prohibit the pair of pump 
signals from exchanging optical signal paths. For the 
case of Xpump = 980nm, conventional wavelength di- 
vision multiplexers exhibit isolation between adjacent 
waveguides of better than 25dB. Further, by control- 
ling various parameters of the doped fiber amplifiers, 
for example, the lengths of first doped fiber amplifier 
14 (^1) and second doped fiber amplifier 16 {£^, op- 
timum pumping for a variety of applications (e.g., pre- 
amplif ication, power boosting Xpi ^ Xp^ may be ach- 
ieved. 

FIG. 3 illustrates the internal gain and noise fig- 
ure as a function of pump power for the arrangement 
as illustrated in FIG. 2. The power of communication 
signal S|„ is assumed to be -32dBm and the pump wa- 
velength Is assumed to be 981 nm. The measure- 
ments as shown were made at three different signal 
wavelengths (X,): 1533nm, 1548nm and 1563nm, 
where these three wavelengths correspond to three 
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distinct regions of the amplifier gain spectra. The sig- 
nal gain, as shown, reproduces the shape of the am- 
plified spontaneous emission, with a maximum gain 
of approximately 34dB for Xs = 1 533nm, The noise fig- 
ure, in the linear regime, is shown to vary from 3 to 5 
4dB (depending upon X,), indicating that essentially 
complete population inversion is achieved In both am- 
plifiers. 

The described balanced optical amplifier config- 
uration may be used as a preamplifier, where the inv io 
portent criteria are relative high gain (e.g. >20dB) and 
low noise (e.g., approximately 3dB). These objectives 
may be achieved by limiting the amplification within 
firstfiber amplifier 14, in one example by using a sec- 
tion of doped fiber with a length less than the is 
length £2 of second doped fiber amplifier 16 (alterna- 
tively, pump power and/or dopant concentration may 
be latered to limit amplification). For example, £1 may 
be approximately 1 m and £2 rriay be 5m. The satura- 
tion characteristics for such a preamplifier configure- 20 
tion are illustrated in FIG. 4 for Xs at both 1533nm and 
1 548nm. The solid curves are associated with a pump 
power of 70mW and correspond to the use of a single 
pump source (e.g., pump source 42 of FIG. 2) to pro- 
vide both the CO- and counter- propagating pump sig- 25 
nals. The dashed curves are associated with a pump 
power of 1 40mW and correspond to the simultaneous 
use of a pair of pump sources (e.g., pump sources 42 
and 46 of FIG. 2). 

The balanced optical amplifier may also be used 30 
as a power booster by, for example, increasing the 
gain within the first doped fiber amplifier region. The 
gain may be increased by, for example, increasing the 
length £^ of first doped fiber amplifier 14, where f 1 
may be increased to be essentially identical to that of 35 
second doped fiber amplifier 16 (f 1 = ^2 = 5m). Alter- 
natively, pump power and/or dopant concentration 
may be altered. FIG. 5 illustrates gain and noise figure 
curves for an exemplary power booster of the present 
invention. As indicated, the gain and noise figures 40 
were measured for a pump power of 140mW (I.e., 
pump sources 42 and 46 used simultaneously) at a 
pair of signal wavelengths, A^, of 1533nm and 
1548nm. The gain curves for both wavelengths are 
shown to converge in the saturation regime. Both 45 
noise figure curves show a dip in noise at the onset 
of saturation. 

FIG. 6 illustrates an exemplary cascaded bal- 
anced optical amplifier arrangement 50 formed in ac- 
cordance with the present Invention. Balanced optical so 
amplifier 50 includes a first amplifier stage 52, con- 
figured to perform as a preamplifier, and a second 
amplifier stage 54, configured to perform as a power 
booster. A first isolator 56 is provided at the input to 
amplifier arrangement 50, a second isolator 57 Is pro- ss 
vided between first stage 52 and second stage 54, 
and a third isolator 58 is provided at the output of am- 
plifier arrangement 50. Preamplifier 52 functions in a 
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manner similar to the preamplifier arrangement de- 
scribed above, where the length f 1 of first amplifier 60 
is chosen in this particular example to be less than 
the length (2 of second amplifier 62 (to limit amplifi- 
cation within first amplifier 60). The propagation di- 
rections of the communication signal and pump 
signals Pi and P2 are as indicated in FIG. 6. Amplified 
message signal Samp^ at the output of first amplifier 
stage 52 passes through isolator 57 and is subse- 
quently provided as an input to power booster ampli- 
fier stage 54. Second amplifier stage 54 is configured 
such that first amplifier 64 and second amplifier 66 
provide essentially identical gain, where the length of 
each fiber amplifier is denoted as £3 in FIG. 6. Signal 
Samp^ is thus applied as an input to power traoster 54 
and amplifiers within first amplifier 64 to form signal 
Samp,3- Signal Samp.3 subsequently passes through 
multiplexer 65 and is amplified a last time within sec- 
ond amplifier 66 to form output signal Samp,4- 

A "spllceless" version of a cascaded balanced 
optical amplifier 70 is shown in FIG. 7. As with cas- 
caded balanced optical amplifier 50 described above, 
amplifier 70 consists of a pre-amplif ier first stage 72 
and power booster second stage 74. Isolators 56, 57 
and 58 are positioned as shown. In this particular con- 
figuration, pump signals are distributed and coupled 
between stages so as to both share pump sources 
and provide a sparing arrangement As shown, pre- 
amplifier 72 includes a first amplifier 76 of length ^1, 
a fiber multiplexer 80, and a second amplifier 78 of 
length ^2. where f 1 < ^2- Power booster amplifier 74, 
similarly, comprises a first doped fiber amplifier 82 of 
length ^3, a fused fiber multiplexer 86 and a second 
doped fiber amplifier 84, also of length f 3. The pump 
signals are provided to all four doped fiber amplifiers 
by a set of pump sources 87. 88, 89 and 90. As shown 
in FIG. 7, sources 87 and 88 are coupled within a di- 
rectional coupler 92 to provide a pair of output pump 
signals, referred to as Pi and P2. Similarly, pump 
sources 89 and 90 are combined within a directional 
coupler 94 to provide a pair of pump signals P3 and 
P4. As discussed above, a single pump source, when 
passed through a coupler such as 92 or 94, will pro- 
vide a pair of output signals. Therefore, pump sources 
88 and 90 may be only "spare" sources, and in one 
configuration need not be used. In a further embodi- 
ment (not shown), a single pump source may be used 
as the only pump for all of the amplifiers, where the 
single pump signal is distributed through a series of 
couplers to all of the doped fiber amplifiers. 

Cascaded balanced optica! amplifier 70 is refer- 
red to as a "spliceless" amplifier in that only four sec- 
tions of doped fiber are required to perform all nec- 
essary functions (except isolation). Referring to FIG. 
7, these four sections are denoted as A, B, C and D. 
In particular, doped fiber A functions as: (a) a signal 
path to pump source 87; (2) a first signal path through 
coupler 92; (3) a signal path for pump signal Pi; (4) a 
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first signal path through through multiplexer 80; and. 
lastly, (5) second doped fiber amplifier 78 of pre-an> 
pllf ier 72. In a simiiar manner, doped fiber B functions 
as: (1) a signal path to pump source 88 (if present); 
(2) a second signal path through coupler 92; (3) a sig- 
nal path for pump signal P2; (4) a first signal path 
through multiplexer 86 and, lastly, (5) second doped 
fiber amplifier 84 of power booster amplifier 74. The 
remaining fibers C and D form similar components as 
indicated in FIG. 7. 

The issue of gain equalization over the commu- 
nication bandwidth of interest (i.e., 1530-1560nm) 
within doped fiber amplifiers is another concern 
which may be addressed by the balanced optical am- 
plifier configuration disclosed herein. In particular, 
the irregular fluorescence spectrum of the rare earth 
dopants may result in uneven gain over the commu- 
nication bandwidth of interest. Efficient smoothing of 
the overall gain in the band 1530-1560nm has been 
demonstrated by using a notch filter within the ampli- 
fier. Alternatively, passive equalization may be ach- 
ieved by using the absorption characteristics of an un- 
pumped length of doped fiber. In particular, the in- 
creased absorption of an un- pumped erbium-doped 
fiber corresponds to a gain peak at 1530nm. There- 
fore, as long as the communication signal power and 
spontaneous emission self-pumping are below the in- 
trinsic saturation power of the fiber, the fiber will pref- 
erentially absorb the shorter wavelengths of the gain 
spectrum. Thus, by removing the pump signal from 
the fiber, the gain peak at the short wavelength 
(1531nm) will be reduced, reducing the net amplifier 
gain ripple. 

FIG. 8 illustrates an exemplary balanced optical 
amplifier 100 of the present invention which provides 
passive gain equalization as described at>ove. As 
shown, amplifier 100 comprises a multiplexer 102, a 
first doped fiber amplifier 104 and a second doped 
fiber amplifier 106. Similar to arrangements descri- 
bed above, first doped fiber amplifier 104 is coupled 
to a first port 108 of multiplexer 102 (an "input" port) 
and second doped fiber amplifier 106 is coupled to a 
second port 110 of multiplexer 102 (an "output" port). 
A pair of optical isolators 112,114 are disposed at the 
input and output of amplifier 100. A communication 
signal Si„ is coupled to amplifier 100, as shown, and 
propagates through amplifier 1 00 as indicated by the 
dotted directional arrow. First doped fiber amplifier 
104 is counter-pumped by a pump signal P from a 
pump source 116, which is coupled to port 118 of mul- 
tiplexer 102 and propagates in the direction shown in 
FtG. 8. Second doped fiber amplifier 106 remains un- 
pumped for this particular application, and is chosen 
to be a length which provides the desired amount of 
gain equalization without severely reducing the over- 
all gain of amplifier 100. In operation, therefore, a 
communication signal S|n will experience gain as it 
passes through pumped first doped fiber amplifier 



104 to form amplified signal Samp* Amplified signal 
Samp subsequently passes through multiplexer 102 
and enters second amplifier 106 (which remains un- 
pumped). The gain of signal Samp will then be some- 
5 what attenuated within second amplifier 106, which is 
chosen to be a length which provides the required de- 
gree of "flattening" without unduly reducing the over- 
all gain. For example, first amplifier 104 may be 
formed to comprise a length fa of approximately 5m 
10 and second (unpumped) amplifier may be formed to 
comprise a length fb of approximately 2.5m. In this 
particular configuration, therefore, first amplifier 104 
functions as a pre-amplif ier, providing low noise (ap- 
proximately 3dB) and high gain. The length f b of sec- 
ts ond amplifier 1 06 is chosen to achieve minimum gain 
ripple in the wavelength band of interest. 

FIG. 9 contains curves illustrating both gain and 
gain ripple for the equalized balanced optical amplifi- 
er 100 of FIG. 8. The gain and gain ripple were meas- 
20 ured for two signal wavelengths X,: 1533nm and 
1 548nm over a pump power range of less than 10mW 
to approximately 70mW. The gain curves at both sig- 
nal wavelengths illustrate that the equalization works 
well over a wide range of pump powers. Similarly, the 
25 gain ripple is shown as remaining relatively constant, 
with a maximum value of 2.5dB for 30mW and 4.1dB 
for 70mW. 

In contrast to leaving the second amplifier un- 
pumped, the pump signal input to this amplifier may 

30 be controlled (turned "on" and "off, for example), to 
modify the gain/loss characteristic of the amplifier. 
FIG. 10 illustrates an exemplary amplifier arrange- 
ment 120 which provides automatic gain level control 
in such a manner. Similar to the arrangements descri- 

35 bed above, amplifier 120 comprises a first doped fib- 
er amplifier 122 and second doped amplifier 1 24, with 
a wavelength division multiplexer 126 disposed be- 
tween amplifiers 122,124 to provide for required prop- 
agation directions of the communication signal S|n 

40 and pump signals. Isolators 1 28 and 1 30 are disposed 
at the input and output as shown. A first pump source 
132 is coupled to multiplexer 126 so as to provide a 
pump signal P^, as shown, as a pump signal input to 
first amplifier 122. First amplifier 122 is chosen to 

45 comprise a length £ ^ which provides high gain and low 
noise to input signal Sin. As with the other arrange- 
ments, therefore, constant pumping with signal P^ 
generates an amplifier signal Samp at t he output of first 
amplifier 1 22. 

50 A second pump source 1 34 is also illustrated in 

FIG. 10. In contrast to the other arrangements descri- 
bed above, however, source 134 is not directly cou- 
pled to multiplexer 126, but instead passes through a 
modulator 136 which forms a pump signal which va- 

55 ries as a function of time, denoted P2(t) in FIG. 1 0. The 
duty cycle of signal P2(t) is then controlled so as to 
provide for the desired amount of gain/loss within 
second amplifier 124 (i.e., the low the duty cycle, the 
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lower the pump power, with 0% representing no sig- 
nal, 50% half power and 100% representing full pow- 
er). In fact, the amplified output signal from second 
amplifier 124 may be fed back as an input to modula- 
tor 136 (not shown) to provide for dynamic correction 
and, therefore, automatic gain level control. Further, 
pump signal P| applied to first amplifier 122 may also 
be modulated to provide additional gain/loss control 
capabilities. 

As with the other arrangements described 
above, the gain equalization and automatic level con- 
trol configurations of FIG. 8 and 1 0 may be formed as 
"spliceless" amplifiers, where even modulator 136 of 
amplifier 120 may be formed from a section of doped 
fiber. Further, these configurations may be used in 
combination with the pre-amplifierand power booster 
configurations to form multi-stage combinations 
which provide various desired characteristics. 

While the above arrangements are descriptive of 
various embodiments of the present invention. It is to 
be understood that there exist various other modifi- 
cations well-known to those skilled in the art which 
are considered to fall within the scope of this disclo- 
sure. For example, various discrete components are 
known which may be utilized as wavelength division 
multiplexers, directional couplers, isolators and mod- 
ulators. Additionally, while erbium is now considered 
as the dopant of choice for doped fiber amplifiers, 
there exist many other materials (such as other rare 
earth elements, praseodymium, for example) which 
may be used (for amplification at other signal wave- 
lengths) and which may utilize pump signals at wave- 
lengths other than the exemplary 980nm and 
1480nm discussed above. . 



Claims 

1. An arrangement for amplifying an optical commu- 
nication signal (S^) operating at a predetermined 
wavelength (Xs), the arrangement comprising: 

a first doped optical fiber amplifier (14) 
having first predetermined parameters; 

a second doped optical fiber amplifier (16) 
having second predetermined parameters; 

a source (22) of an optical pump signal (P) 
operating at a predetermined wavelength (Xp) to 
provide amplification of said communication sig- 
nal within said doped fiber amplifiers; 

CHARACTERIZED BY 

a wavelength division multiplexer (12) in- 
cluding a first port (1 8) coupled to said first doped 
optical fiber amplifier, a second port (20) coupled 
to said second doped optical fiber amplifier, and 
third and forth ports (24,28) coupled to said 
pump signal source in a manner whereby a first 
pump signal (P^) enters said third port and prop- 
agates through said multiplexer so as to be cou- 



pled into said first doped fiber amplifier, and a 
second pump signal (P2) enters said fourth port 
and propagates through said multiplexer so as to 
coupled into said second doped fiber amplifier. 

5 

2. An arrangement as defined in daim 1 wherein 
the first and second predetermined parameters 
include length f of each doped optical fiber anv 
plifier, dopant concentration within each doped 

10 optical fiber amplifier, pump signal power and 

pump signal wavelength. 

3. An arrangement as defined in daim 1 wherein 
the first and second parameters are configured to 

IS form a pre-amplif ier conf iguratton such that the 

amplification within the first doped fiber amplifier 
is less than the amplification within the second 
doped fiber amplifier. 

20 4. An arrangement as defined in daim 3 wherein 
the length of the first doped fiber amplifier (f 1) is 
less than the length of the second doped fiber 
amplifier (^2) in a manner whereby said arrange- 
ment operates as a pre-amplif ier. 

25 

5. An arrangement as defined in daim 4 wherein 
thefirstand second doped optical fiber amplifiers 
comprise erbium-doped fiber amplifiers, Xp is ap- 
proximately 980nm, is approximately 1 m and ^2 

30 is approximately 5m. 

6. An arrangement as defined in daim 1 wherein 
the first amplifier parameters are essentially 
equal to the second amplifier parameters so as to 

35 form a power booster amplifier. 

7. An arrangement as defined in claim 6 wherein 
the length of the first doped fiber amplifier (f 1) is 
substantially equal to the length of the second 

40 doped fiber amplifier (^2) in a manner whereby 

said arrangement operates as a power booster. 

8. An arrangement as defined in claim 7 wherein 
thefirstand second doped optical fiber amplifiers 

45 comprise erbium-doped fiber amplifiers, Xp is ap>- 

proximately 980nm, and £^^£2^ 5m. 

9. An arrangement as defined in daim 1 wherein 
the first pump signal comprises a wavelength 

50 (Xpi) essentially identical the the wavelength 

(Xp2) of the second pump signal. 

10. An arrangement as defined in daim 9 wherein 
the pump signal source comprises two distinct 

55 pump source elements, a first source element 

coupled to the third port of the wavelength divi- 
sion multiplexer and a second source element 
coupled to the fourth port of the wavelength di- 
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vision multiplexer. 

11. An arrangement as defined in claim 9 wherein 
the pump signal source comprises a single pump 
source element and means for splitting the output 
from the single source along a pair of optical sig- 
nal paths, a first path coupled to the multiplexer 
third port and a second path coupled to the mul- 
tiplexer fourth port 

12. An arrangement as defined in daim 11 wherein 
the splitting means comprises a k ratio coupler, 
with the value of k controlled to provide the re- 
quired power split between the first and second 
signal paths. 

13. An arrangement as defined in daim 11 wherein 
the splitting means is responsive to a second In- 
put pump source element. 

14. An arrangement as defined In claim 13 wherein 
the second input pump source is utilized as a 
spare source element and activated upon failure 
of the first source element. 

15. An arrangement as defined In claim 13 wherein 
the second Input pump source element is utilized 
simultaneously with the first pump source ele- 
ment to provide increased pump power. 

16. An arrangement as defined in claim 1 wherein a 
first pump signal operates a first pump wave- 
length (Xpi) different from the pump wavelength 
{7lp^ associated with the second pump signal. 

17. An arrangement as defined in claim 16 wherein 
the first and second doped optical fiber amplifiers 
comprise erbium-doped fiber amplifiers, Xpi is 
approximately 980nm and Xp2 is approximately 
1480nm. 

18. An arrangement as defined in daim 1 wherein 
the pump signal input to the fourth port of the 
multiplexer is controlled to provide a signal level 
which varies as a function of time. 

19. An arrangement as defined in claim 18 wherein 
the pump input to the fourth port is maintained 
below the level required for amplification in a 
manner whereby the second doped optical fiber 
amplifier remains un-pumped. 

20. An arrangement as defined in claim 18 wherein 
the pump input to the fourth port is rrK>dulated 
such that the second doped optical fiber amplifier 
varies between "on" (pumped) and "off" (un- 
pumped). 



21. An arrangement as defined In claim 1 which Is de- 
fined as spliceless and comprises 

a first section of doped fiber used to form 
the first doped fiber amplifier, a first signal path 

5 through said multiplexer from the first port to the 

third port, and the optical signal path for the first 
pump signal; and 

a second section of doped fiber used to 
form the optical signal path for the second pump 

10 signal, a second signal path through said multi- 

plexer from the fourth port to the second port, 
and the second doped fiber amplifier, said first 
and second sections of doped fiber fused within 
the multiplexer to provide the signal paths from 

15 the first port to the second port, and the fourth 

port to the third port 
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